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ABSTRACT 

The e n e r g y   s t o r e d   i n  a h igh -vo l t age   capac i to r   bank  i s  

u t i l i z e d   t o   p r o p e l   t h i n   f l y e r   p l a t e s ,  The s i m p l i f i e d   t h e o r y  

f o r   t h e   f l y e r   p l a t e   m o t i o n  i s  g iven .  The method  of   using 

m a g n e t i c a l l y - d r i v e n   f l y e r   p l a t e s   t o   i m p u l s i v e l y   l o a d   s i n g l e -  

l a y e r e d   i s o t r o p i c   r i n g s   o v e r   o n e - h a l f   t h e i r   c i r c u m f e r e n c e  i s  

d e s c r i b e d .  The experimental-theoretical c o r r e l a t i o n   o f   t h e  

p l s t e   m o t i o n   a n d   t h e   f r e e   r i n g   r e s p o n s e  i s  d i s c u s s e d .  
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IMPULSE LOADING OF SINGLE-LAYERED  RINGS 

WITH  MAGNETICALLY-DRIVEN  FLYER  PLATES 

I n t r o d u c t i o n  

In   o rde r   t o   ga in   conf idence   i n   des igns   based   upon   sound  

t h e o r y ,   t h e   s y s t e m s   d e s i g n e r   a n d   t h e   t h e o r e t i c i a n   a r e   i n t e r e s t e d  

i n   s u b j e c t i n g   t h e   s y s t e m ,  o r  m o d e l s   t h e r e o f ,   t o   t h e   a n t i c i p a t e d  

environment.  Due t o   v a r i o u s   r e a s o n s ,   t h e   l a b o r a t o r y   e x p e r i -  

menter i s  o b l i g a t e d   t o   p r o v i d e   v a r i o u s   t e c h n i q u e s   f o r   " s i m u l a t i n g "  

the   " ac tua l "   env i ronmen t   o r   e f f ec t s  of  the  environment.   Because 

o f  complex   and   necessary   in te rac t ions   be tween  sys tems  des igner ,  

t h e o r e t i c i a n ,   a n d   l a b o r a t o r y   " s i m u l a t o r  , I '  t h e   a n a l y s t  i s  i n t e r -  

e s t e d   i n   e v a l u a t i n g   t h e   p r o p o s e d   s i m u l a t i o n   t e c h n i q u e s .  The 

eva lua t ion   mus t   beg in   on   s imple   s t ruc tu ra l   and   ma te r i a l   mode l s  

such as i s o t r o p i c   r i n g s   a n d   o n e - d i m e n s i o n a l   d e s i g n e r ' s   m a t e r i a l  

samples.  The purpose of t h e   r e q u e s t e d   e v a l u a t i o n  i s  to   accu -  

r a t e ly   de f ine   t he   expe r imen ta l   t echn ique   and   t o   compare   t he  

m e a s u r e d   r e s p o n s e   t o   t h e   t h e o r e t i c a l   p r e d i c t i o n s   f o r   t h a t  

pa r t i cu la r   me thod .  Once t h i s   e v a l u a t i o n  i s  made on a p a r t i c u l a r  

geometry   and   se t  o f  dimensions,  a d e c i s i o n   a s   t o   t h e   m o s t   a t t r a c -  

t i v e   " s i m u l a t i o n "   t e c h n i q u e   f o r   t h e   s p e c i f i c   m o d e l  may be  made, 

Over   the   course   o f   the   pas t   decade ,  two genera l   methods  

f o r  s i m u l a t i n g   t h e   i m p u l - s i v e   s u r f a c e   t r a c t i o n s   t o   s t r u c t u r a l  

models  have  evolved.  They are 1) d i r e c t   e x p l o s i v e   l o a d i n g  

and 2 )  h i g h   v e l o c i t y   f l y e r   p l a t e   l o a d i n g .   E x p l o s i v e   l o a d i n g  

me thods   u sua l ly   employ   t h in   shee t s   o f   exp los ive   such  as PETN, 
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Dupont EL506D d e t a s h e e t  o r  l i g h t - s e n s i t i v e   e x p l o s i v e s   s u c h   a s  

s i l v e r   a c e t y l i d e - s i l v e r   n i t r a t e ,  as used  by SWRI and   l ead   az ide  

u n d e r   s t u d y   a t   S a n d i a . '  The e x p l o s i v e  may be c o n s t r u c t e d   t o  

p r o v i d e  a p a r t i c u l a r   d i s t r i b u t i o n   o f   i m p u l s e   b y   v a r y i n g  i t s  

t h i c k n e s s .   D e t o n a t i o n  i s  a f f e c t e d  by var ious   methods   to   p ro-  

v i d e   s w e e p i n g   ( a x i a l   o r   c i r c u m f e r e n t i a l )   p r e s s u r e   p u l s e s   a n d  

q u a s i - s i m u l t a n e o u s   l o a d s   t o   t h e   s t r u c t u r e ' s   s u r f a c e .  One 

of  t h e   p r i n c i p a l   o b j e c t i o n s   t o  the sweeping  explosive  method 

i s  the  time a s s o c i a t e d   w i t h   p r o p a g a t i o n   o f   t h e   p r e s s u r e   p u l s e  

a l o n g   t h e   s t r u c t u r e ' s   l e n g t h   o r   c i r c u m f e r e n c e   d e p e n d i n g  upon 

the   method  of   de tona t5on .   Detonat ion  i s  p o i n t w i s e   i n   t h e  

l i g h t - s e n s i t i v e   e x p l o s i v e ,   d e p e n d i n g   u p o n   t h e   l i g h t   s o u r c e  

s p e c t r a l   i n t e n s i t y   a n d   e x p l o s i v e   r a d i a t i o n   p r o p e r t i e s .   S u c h  

p o i n t w i s e   d e t o n a t i o n  much improves  the  measure  of  simultaneous 

loading   impar ted   to   the   spec imen  under   s tudy .  The f l y e r   p l a t e  

t e c h n i q u e   c o n s i s t s  o f  a c c e l e r a t i n g  a t h i n   p l a t e   ( u s u a l l y   m e t a l l i c )  

t o   h i g h   v e l o c i t y   a n d   d i r e c t i n g   t h e   p l a t e  so t h a t  i t  loads   t he  

s t r u c t u r e   i n  a prescr ibed   manner .  The f l y e r   p l a t e  may be   acce l -  

e r a t e d   b y   e x p l o s i v e s 2   o r  by e l e c t r o m a g n e t i c   f o r c e s .  The a c c e l -  

e r a t i o n  by c a p a c i t o r   d i s c h a r g e   g e n e r a t e d   e l e c t r o m a g n e t i c   f o r c e s  

i s  f o r  some a p p l i c a t i o n s   t h e  more c o n t r o l l a b l e   a n d  more e a s i l y  

employed  driving  method. This d o e s   n o t   i m p l y   t h a t   f l y e r   p r o -  

p u l s i o n  by e l e c t r o m a g n e t i c   f o r c e s  i s  s u p e r i o r   t o   a c c e l e r a t i o n  

by t h i n   s h e e t   e x p l o s i v e .   T h r o u g h   c a r e f u l   a l i g n m e n t   o f   t h e  

e x p e r i m e n t a l   a p p a r a t u s ,   t h e   f l y e r  w i l l  p rov ide  a v e r y   n e a r l y  

s i m u l t a n e o u s ,   s h o r t   d u r a t i o n   p r e s s u r e   p u l s e   t o   t h e   s t r u c t u r e ' s  

s u r f a c e .  



The a b i l i t y   t o   a c c e l e r a t e   t h i n   m e t a l   p l a t e s   t o   h i g h   v e l o c -  

i t y  u s i n g   h i g h   v o l t a g e ,   c a p a c i t o r   d i s c h a r g e   s y s t e m s   h a s   b e e n  

known f o r  some t i m e ,  I t  h a s   b e e n   o n l y   i n   t h e   l a s t   f i v e   y e a r s  

t h a t   t h e   p r i n c i p l e   h a s   b e e n   a p p l i e d   t o   s t r u c t u r a l   r e s p o n s e  

expe r imen t s .  A major   pa r t   o f   t he   deve lopmen t   o f   t he   t echn ique  

was performed a t  E G W ,  I n c .   i n   B e d f o r d ,   M a s s a c h u s e t t s   t h r o u g h  

c l o s e   c o o p e r a t i o n   w i t h   S a n d i a   L a b o r a t o r i e s   a t   L i v e m o r e .  

S imul taneous ly   and   independent ly ,   s imi la r   deve lopment  was 

underway a t   t h e  Atomic Weapons Research   Es tab l i shment ,   Alder -  

maston,  United Kingdom. Through   t he   e f fo r t s   o f   h igh -vo l t age  

c a p a c i t o r   d e s i g n e r s   s u c h  as Maxwell   Laborator ies  i n  t h e  U.S.A. 

a n d   t h e   B r i t i s h   I n s u l a t e d   C a l l e n d e r ' s   C a b l e s ,   L t d .   i n   t h e   U n i t e d  

Kingdom, h igh   ene rgy  (> 10 j o u l e ) ,   f a s t   d i s c h a r g e   ( f r e q .  > l o 5  Hz) 

s o u r c e s   f o r   f l y e r   a c c e l e r a t i o n   a r e   r e a d i l y   a v a i l a b l e .   T h r o u g h  

t . h e   u s e   o f   t h e s e   d e v e l o p m e n t s   t h e   s t r u c t u r a l   r e s p o n s e   e x p e r i -  

menter   has   enough  confidence  in   the  method  to   compare  measure-  

ments w i th  t h e o r e t i c a l   p r e d i c t i o n s .  It i s  the purpose of t h i s  

p a p e r   t o   t a k e   t h e   f i r s t   s t e p   i n   t h e   e v a l u a t i o n  o f  t h i s   t e c h n i q u e  

f o r   s u r f a c e   l o a d i n g ;   t h a t  i s  the  method w i l l  be   def ined  f o r  a 

p a r t i c u l a r   e x p e r i m e n t .  The s i m p l i f i e d   t h e o r y   f o r   t h e   r e s p o n s e  

o f  t h e   f l y e r   p l a t e   t o   t h e   t r a n s i e n t   m a g n e t i c   f o r c e s  i s  d i s c u s s e d  

f i r s t .  A t y p i c a l   r i n g   r e s p o n s e   e x p e r i m e n t  i s  p r e s e n t e d  i n  the  

s e c o n d   s e c t i o n .   I n   t h e   t h i r d   s e c t i o n   t h e   m e a s u r e d   r i n g   r e s p o n s e  

i s  c o m p a r e d   w i t h   t h e   t h e o r e t i c a l   p r e d i c t i o n s .  
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T h e o r e t i c a l   a n d   E x p e r i m e n t a l   F l y e r   P l a t e   R e s p o n s e  

6 

It  i s  w e l l  known t h a t  two a d j a c e n t   c u r r e n t   c a r r y i n g   c o n -  

d u c t o r s   e x p e r i e n c e  a r e p u l s i v e   f o r c e   ( i f   t h e   c u r r e n t s   a r e  

o p p o s i t e l y   d i r e c t e d )  due t o   t h e   m a g n e t i c   f i e l d ,  B ,  between 

them. The f o r c e   p e r   u n i t   a r e a ,  P ,  e x e r t e d  on two f l a t ,   p a r a l l e l ,  

and   c lose ly   spaced   conduc to r s  shown i n  Fig. 1 i s  given  by:  

B2 2 P = - (newtonlmeter ) ,  
u 

where 
, t i  

B = + (weber) ,  ( 2 )  

where   the   magni tude   o f   the   cur ren t  i s  t h e  same i n   e a c h   c o n d u c t o r ,  

and 

5 i s  the   wid th   o f   the   conductor   normal   to   the   cur ren t  

d i r e c t i o n ,  

i i s  the  magnitude of c u r r e n t   i n   e a c h   p l a t e ,   a n d   a l l  

c u r r e n t   e l e m e n t s   a r e   a s s u m e d   s t r i c t l y   p a r a l l e l  and 

in   one -d imens ion   ove r   t he   t o t a l   conduc to r   a r ea   ( t he  

1D assumption i s  n o t   v s l i d   n e a r   t h e   e d g e s  o f  the 

conductor )  , 
B i s  the  magnitude o f  the magnet ic   vector   between  the 

conduc to r s ,  

i s  t h e   r e l a t i v e   p e r m e a b i l i t y  of t h e  medium s e p a r a t i n g  

t h e   c o n d u c t o r s   ( i n  must c a s e s   f r e e   s p a c e   p e r m e a b i l i t y ) .  

Using E q .  (2 )  i n  (1) g i v e s  

. 2  p = p 1  7 ,  



u H 

w J
 

H
 

z
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The a c c e l e r a t i o n  of t he   p l a t e s   can   be   ob ta ined   f rom E q .  

(3) by  d i v i d i n g   t h a t   e x p r e s s i o n  by t h e   m a s s   p e r   u n i t   a r e a  o f  

t h e   p l a t e .  

A( t )  = ( m e t e r / s e c ) / s e c  , 
2pht  

where 

h i s  t h e   p l a t e   t h i c k n e s s ,   a n d  

p i s  t h e   p l a t e   d e n s i t y .  

I f   t h e   t h i c k n e s s  of  one p l a t e  i s  made much g r e a t e r   t h a n  

t h e   o t h e r ,   t h e n   t h e   a c c e l e r a . t i o n   o f   t h e   t h i c k   p l a t e  i s  much 

s m a l l e r   t h a n   t h a t  of t h e   t h i n   p l a t e   a n d  i s  e s s e n t i a l l y  immovable. 

I n   t h i s   c a s e   t h e   t h i n   p l a t e  i s  c a l l e d   t h e   " f l y e r "   p l a t e   a n d  

t h e   t h i c k   p l a t e  i s  c a l l e d   t h e  "backup" mass. I n   f a s t   c a p a c i t o r  

d i scha rge   sys t ems  now i n   u s e   f o r   a c c e l e r a t i n g   f l y e r   p l a t e s ,  

l a r g e   c u r r e n t s  (- 10 amperes) are gene ra t ed .  The combination 

of  h i g h   c u r r e n t s   a n d   t h i n   f l y e r   p l a t e s   c r e a t e s   l a r g e   f l y e r  

v e l o c i t i e s  (- 1 m m / p s ) .  The c a p a c i t o r   d i s c h a r g e   s y s t e m s   u s e d  

t o   p r o p e l   t h e   f l y e r s   c a n  b e   c h a r a c t e r i z e d   b y   t h e   c i r c u i t  shown 

i n   F i g .  2 .  The d i f f e r e n t i a l   e q u a t i o n   f o r  t h i s  i d e a l i z e d ,  

6 

lumped  parameter   c i rcu i t  i s  

.*~ + R i  + st i d t  = Vo , 1 

where 

R = RB + R L ( t ) ,  

= LB + k(t) 9 

RB i s  t h e   f i x e d   c i r c u i t   r e s i s t a n c e ,  

RL(t) i s  t h e  time d e p e n d e n t   c i r c u i t   r e s i s t a n c e ,  
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LB i s  the   f i xed   sys t em  induc tance ,  

k ( t )  i s  the   t ime  dependent   load   inductance ,   and  

Vo i s  t h e   i n i t i a l   v o l t a g e   i m p r e s s e d   a c r o s s   t h e  

c a p a c i t o r ,  C .  

I f  R and L a r e   a s s u m e d   v a r i a b l e   i n   t i m e ,   t h e n  a time 

d e r i v a t i v e  of  (5 )  g i v e s   t h e   g o v e r n i n g   e q u a t i o n   f o r   t h e   e q u i v a -  

l e n t  lumped p a r a m e t e r   c i r c u i t   c u r r e n t ,  

Due t o   j o u l e   h e a t i n g ,   t h e   t o t a l   c i r c u i t   r e s i s t a n c e  w i l l  

i n c r e a s e   b e c a u s e   m o s t   m e t a l l i c   c o n d u c t o r s   p o s s e s s   e l e c t r i c a l  

r e s i s t i v i t i e s   w h i c h   i n c r e a s e   w i t h   i n c r e a s i n g   t e m p e r a t u r e .  

The e n e r g y   d i s s i p a t e d   t h r o u g h   t h e   c i r c u i t   r e s i s t a n c e  i s :  

However,  one  might  simplify h i s  c a l c u l z t i o n s   i f   t h i s   e n e r g y  

loss  i s  n e g l e c t e d ;   t h e r e f o r e ,  R w i l l  be assumed  t ime  invar ian t  

i n   t h i s   f i r s t   d i s c u s s i o n .   R e f s .  4 and 5 t rea t   the   t ime  c iepecdent  

r e s i s t a n c e   c a s e s   i n   d e t a i l ,  The d i s p l a c e m e n t   S ( t )   o f   t h e   f l y e r  

p l a t e   c a n   b e   e x p r e s s e d  as a d o u b l e   i n t e g r a l  on t ime of  E q .  ( 4 )  

s o  

S ( t )  = A r:‘ i2 d t   ( m e t e r ) .  
2ph52 ”; 
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where 

IJ = 417 x h e n r y / m e t e r   f o r   f r e e   s p a c e .  

eqr ;a t ion i s  

where 

Equa t ion  ( 9 )  c a n   b e   s o l v e d   f o r   i ( t )   b y   s t a n d a r d   n u m e r i c a l   i n t e -  

g r a t i o n   t e c h n i q u e s  on t h e   d i g i t a l   c o m p u t e r .  5 ’ 6  The ana log  

computer w i l l  a l s o   y i e l d   s o l u t i o n s   f o r   i ( t )  , 7  The v e l o c i t y  

a t  wh ich   t he   f l ye r  moves away from  the  backup  mass  can  be 

w r i t t e n   a s  

t 

2ph5 o 
~ ( t )  = J i2 d t  . 

The d i sp lacemen t ,  S ( t )  , i s  g iven  i n  E q .  ( 8 ) .  In   t he   expe r imen t  

d i s c u s s e d   i n   t h i s   p a p e r   t h e   p a r a m e t e r s  of t h e   c a p a c i t o r   d i s c h a r g e  

sys t em  and   f l ye r   p l a t e   were :  

= 15 X 10 v o l t s  3 

c = 2 7 . 3  x l o m 6  f a r a d s  

R M 1 2 . 6 7  x ohms 

vO 

L B  2 6 . 7 1  x LO-’ henry  

LL(o) = 5.17 x lo-’ henry  
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h = 3.048 x meters 

5 = 3 .81  x LO-’ meters 

), = .489 m e t e r s  

o = 2.71 X 10 3 ki logram/meter  3 

These   parameters   were   used   in  E q .  (9 )  t o   s o l v e   f o r   i ( t ) ,  V ( t ) ,  

a n d   S ( t )   u s i n g   f o u r t h   o r d e r   R u n g e - K u t t a   a n d   o t h e r   f i n i t e   d i f f e r e n c e  

numer i ca l   i n t eg ra t ion   t echn iques .   F igu rc :  3 shows t h e   p r e d i c t e d  

cu r ren t   f rom E q .  (9 )  compared  with  the  measured  current   (sensed 

w i t h  a Rogowski p r o b e ) .  The v e l o c i t y  was found   fo r   t he   expe r imen t  

i n  ques t ion   f rom E q .  (10) .  F i g u r e  4 i s  a comparison o f  t h e  f l y e r  

v e l o c i t y  a s  solved  from  Eqs.  (9)  and (10) a n d   d i g i t a l   n u m e r i c a l  

i n t e g r a t i o n   o f   t h e   m e a s u r e d  i vs .  t cu rve .  2 

The d i s p l a c e m e n t - t i m e   h i s t o r y   o f   t h e   f l y e r   p l a t e  was r eco rded  

by a high  speed  streak  camera  (Beckman-Wheatley 200) .  T h i s   o p t i -  

ca l ly   de t e rmined   d i sp l acemen t  as a func t ion   of   t ime  compared   wi th  

t h e   s o l u t i o n   t o  E q s .  (8)  and ( 9 )  , a n d   t h e   d i g i t a l   n u m e r i c a l   s e c o n d  

i n t e g r a t i o n   o f   t h e   m e a s u r e d  i v s .  t curve  i s  p r e s e n t e d  i n  F i g .  5 .  

The d i s c r e p a n c y   b e t w e e n   t h e   o p c i c a l   d e t e r m i n a t i o n   o f   S ( t )  v s .  t 

a n d   t h e   i r , t e g r a t e d  i v s .  t curve  i s  due t o   e r r o r s   i n   r e d u c i n g  

the   s t r eak   camera   r eco rd   and   t he  i v s ,  t r e c o r d .  

2 

2 

2 

F i g u r e s  3 ,  4 ,  and 5 i n d i c a t e   t h a t   t h e  lumped parameter ,   t ime 

v a r y i n g  L-R-C c i r c u i t  i s  an   approx ima te   mode l   fo r   ca l cu la t ing  

t h e   f l y e r   p l a t e   r e s p o n s e .  The assumpt ions  of n o   f l y e r   r e s i s r a n c e  

c h a r g e s  [ R  f R ( t ) ]   a n d   n o   d i f f u s i o n  of t h e   m a g n e t i c   f i e l d   i n t o  

t h e  f l v e r  p l a t e   and   backup  mass must b e   r e c o n s i d e r e d   i n   o r d e r   t o  

ob ta in   be t t e r   ag reemen t   be tween   t heo ry   and   expe r imen t .  8 

12  
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Desc r iDt ion   o f   t he   Emer imen ta l   Techn iaue  

A s  shown i n   t h e   p r e v i o u s   s e c t i o n ,   t h e   f l y e r   m o t i o n  cou1.d 

be c h a r a c t e r i z e d   b y   t h e   s o l u t i o n   t o   t h e   t i m e   v a r y i n g ,   s e r i e s  

L - R - C  c i r c u i t .   T h e s e   p r e d i c t i o n s   w e r e   u s e d   a s   t h e   i n p u t s  t o  

t h e   r i n g   r e s p o n s e   e x p e r i m e n t   d i s c u s s e d   i n   t h i s   s e c t i o n .  

Flyer-Ring  Geometry 

F i g u r e  6 i s  a schemat ic  of  t h e   c y l i n d r i c a l   r i n g - f l y e r -  

backup mass a r r angemen t .   F igu re  7 shows a r i n g  i n  p o s i t i o n  

t o  b e  impacted   by   the   f lyer .  The r i n g  shown i n  t h a t   p h o t o g r a p h  

i s  n o t   t h e   a c t u a l   r i n g ,   b u t  i t  i s  one  used  for  a p a r t i c u l a r  

method  of   s imul tane i ty   assessment .  The backup mass was a n  

a luminum  piece  machined  to   accommodate   the  cyl indrical  flyer 

a n d   r i n g   w i t h   t h e   p r o p e r   i n i t i a l   f l y e r - t o - r i n g   s p a c i n g ,  c ; ( C , o ) .  

T h i s   s p a c i n g   m u s t   b e   h e l d   t o   c l o s e   t o l e r a n c e s   i n   o r d e r   t o  p r o -  

v i d e  as n e a r l y  a s imul taneous  a r r i v a l  as p o s s i b l e .  The n e a s u r e -  

ment   o f   s imul tane i ty  w i l l  b e   d i s c u s s e d   i n  a l a t e r   p a r a g r a p h .  

Two 3 d i s t r i b u t i o n s  o f  spec i f i c   impu l se   were   s e l ec t ed  

f o r   s t u d y ,   c o n s t a n t   o v e r  170" and   cos ine   ove r  170" .  The f l y e r  

was g i v e n   t h e   d e s i r e d  momentum d i s t r i b u t i o n  by a l t e r i n g   t h e  

w i d t h ,  6 ,  n o r m a l   t o   t h e   d i r e c t i o n   o f   c u r r e n t   f l u x   i n   t h e   f l y e r  

so  t h a t  i t  moved away  from the  backup  mass  with a p a r t i c u l a r  

v e l o c i t y   d i s t r i b u t i o n   i n  9. An a p p r o x i m a t e   c o s i n e   d i s t r i b u t i o n  

of  v e l o c i t y   c a n   b e   p r o d u c e d   b y   s h a p i n g   t h e   f l y e r   a s  

6 where & i s  t h e   f l y e r   w i d t h  a t  9 
0 b =  

J=ZT and 6, i s  t h e  minimum f l y e r   w i d t h ,  

16 
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a n d  t h e  maximum f l y e r   v e l o c i t y   ( a t  9 = 0 " )  i s  
t 

v o m - - - Z \  
1 '. i2  d t  

(1 
0 

r!nd t h e   d e s i r e d   f l y e r   v e l o c i t y   d i s t r i b u t i o n   i n  2 i s  

f l y e r s  ( : o  i.; 7 . ) .  P I a g n c t i c   f i e l d ,  B ,  n a p s  b e t w e e n   t h e   f l y e r  

a n d  backup 1TlaS.S show t h a t   a n   a p p r o x i m a t e   c o s i n e   v e l o c i t y   c a n  

\IC. produced  by 5 -- - if ?r 'O < . 2 ,  where i. i s  t h e   f l y e r  

l e n g t h .   S e r i o u s   d o u b t  i s  c a s t  upon t h i s   m e t h o d   o f   s h a p i n g  

i f  - > . 2 .  To i n s u r e  a " S i m u l t a n e o u s "   a r r i v a l   o f   t h e   f l y e r  

t o   t h e   r i n g  surface, t h e   i n i t i a l   f l y e r - t o - r i n g   s p a c i n g   m u s t  

be T ( b  , 0) = ':o c o s  -1. The maximum s p a c i n g ,  yo, must  be  chosen 

s u c h   t h a t   t h e   f l y e r   h a s   r e a c h e d   t e r m i n a l   v e l o c i t y   b e f o r e   i m p a c t .  

E x p e r i m e n t a l   e v i d e n c e  has i n d i c a t e d   t h a t   i f  - > .2 and 

I.0 
i 

. ' C O S  I- 

'0 
1,. 

' 0  
I .  

-0 
o f  a r i n g   e x p e r i m e n t  (a  = 2 . 5  in )   where  ,. = , 3 2  and ; = 

. c o s  :: 
In frame 3 t h e   f l y e r  has a r r i v e d  a t  l a r g e  = and i s  sweeping  

toward :% := 0 .  The t ime  between  f rames i s  4 m i c r o s e c o n d s .  

F i g u r e  9 i s  the same e x p e r i m e n t   o n l y   w i t h   a p p r a p r i a t e   s t e p s  

t a k e n   t o   p r o d u c e  a c o s i r l e   v e l o c i t y   d i s t r i b u t i o t l .  Frame 4 shows 

a v e r y   n e a r l y   s i m u l t a n e o u s   f l y e r   a r r i v a l ,  

19 
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to + 12 us to + 16 i s  

Figure 8 .  Example of  Flyer Sweep. 
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Impact 

S t i l l  

t -1- 8 ,s L i g h t  F i a s h  
I n d i c a t i n g  

F l y e r  Impact  

r + 1.2 u :  
0 
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The expe r imenca l   r e su l t s   showed  a sweeping   f lyer   impact   on  the 

r i n g   s u r f a c e .   I n t e r e s t i n g l y   e n o u g h  i t  was t h i s   e x p e r i m e n t   w h i c h  

p r o m p t e d   t h e   i n v e s t i g a t i o n  of ,he p l a t e   s h a p i n g   m e t h o d s   e x p l a i n e d  

p r e v i o u s l y .  

One way t o  circumvent  t h i s  problem i s  t o   d i r e c t   t h e   c u r r e n t  
x 

in t h e   a x i a l   s e n s e   i n s t e a d   o f   i n  the 0 d i r e c t i o n   i f  > . 2 .  

Fo r  t h e   e x p e r i m e n t s   d i s c u s s e d   i n  t h i s  pape r  x < . 2 ,  so  the 

currc 'nt  was d i r e c t e d   i n   t h e  I; d i r e c t i o n .   I n   t h e   t e r m i n o l o g y  

u s e d   b y   f l y e r   p l a t e   e x p e r i m e n t e r s ,   t h e s e  :wo methods o f  d i r e c t i n g  

t h e   c a p a c i t o r   b a n k   d i s c h a r g e   c u r r e n t   a r e   c a l l e d   s o l e n o i d a l  

( f o r  $ d i r e c t i o n )   a n d   a x i a l   ( f o r   a x i a l   c u r r e n t   d i r e c t i o n ) .  

&O 

F o r   t h e   s t r u c t u r a l   e x p e r i m e n t s   p r e s e n t e d   l a r e r   i n  this pape r  

t h e   f l y e r   v e l o c i t y   a t  S = 0 f o r   b o t h   t h e   l e v e l   l o a d   a n d   t n e  

c o s i n e  load was - -105 m / u s .  The a s i m u l t a n e i t y ,  A t ,  on t h e  

1 2 - i n c h   d i a m e t e r   r i n g   h a l f   s u r f a c e  was determined by t h e   p i n  

s w i t c h  ne thod  t o  be . 5  p s  < C +  < 1.1 ys f o r   t h e   l e v e l   l o a d   c a s e ,  

where I?t was da ta   accumula t ed   ove r   numerous   ca l ib ra t ion   sho t s .  

Fo r   t he   cos ine   l oad   ca se  the range  o f  a s i m u l t a n e i t y   f o r  a number 

o f   c a l i b r a t i o n   s h o t s   o n   1 2 - i n c h   d i a m e t e r  dummy r i n g s  was 1 . 7  u s  < 

~ . t  < 2 . 6  4s. However, f o r   t h e   p u r p o s e s   o f   t h i s   p a p e r   t h e   l c a d  

will be  "assumed"  simultaneous. A l a t e r   n o t e  w i l l  d i s c u s s   t h e  

e f f e c t s   o f   t h i s   s w e e p i n g   l o a d  on t h e   r i n g   r e s p o n s e ,  

F lye r   Buck l ing  

A p rob lem  wh ich   mus t   be   avo ided   i n   f l ye r   p l a t e   l oad ing  

o f  c y l i n d r i c a l   g e o m e t r i e s  i s  t ha t  o f   f l y e r   b u c k l i n g .  As the  

25  



r a p i d l y   m o v i n g   l a r g e r   r a d i u s   f l y e r   c o n v e r g e s   o n   t h e   s n l a l l e r  

r a d i u s   c y l i n d e r   t h r o u g h  la rge  d i s p l a c e m e n t s ,  i t  w r i n k l e s  severcly 

b e c a u s e   t h e   f l y e r  i s  f i x e d   a t   b o t h   e n d s .   T h i s   e f f e c t  i s  delrion- 

s t r a t e d  i n  F i g .  1 2 ,  which i s  a high-speed  f raming  camera seqiiencc. 

l o o k i n g   a t   t h e   f l y e r   e d g e .   E a c h   n a r r o w ,   h o r i z o n t a l   b l a c k   l i n e  

r e p r e s e n t s  . l o 0  i n c h e s  o f  v e r t i c a l   d i s p l a c e m e n t .  The r a d i u s  

of  t h e   f l y e r  i s  2 . 5  i n c h e s ,   a n d   t 5 e   f l y e r   t h i c k n e s s  i s  0 .012  

i n c h e s .  The r e s i d u a l  image on each  frame i s  t h e   f l y e r   a f t e r  

i t  h a s   t r a v e l e d   n e a r l y  1. i n c h .  The l a t e r   f r a m e s  show t h a t  

t h e   f l y e r  has b e g u n   t o   w r i n k l e   a f t e r  0 .150 inches  o f  d i s p l a c e -  

ment.  The h i g h e s t   o r d e r   b u c k l i n g   o c c u r s  at. ,-4 := 0" w h i c h   r e s t r i c t s  

t h e  maximum f l i g h t   d i s t a n c e   b e f o r e   b u c k l i n g .  The buck l ing  problem 

can   be   avoided   by   main ta in ing  small f l i g h t   d i s t a n c e s  (< 0.100 

i n c h )   a n d   i n c r e a s i n g   t h e   f l y e r   t h i c k n e s s .  

Ano the r   p rob lem  a s soc ia t ed  wi th  the   buckl ing   tendency  i s  

edge   cur l -up .  The m a g n e t i c   f i e l d   l i n e s   n e a r  L-he flyer edges  

a r e  no l o n g e r   p a r a l l e l   t o   t h e   f l y e r   a n d   b a c k u p   m a s s  a s  they  

a r e   n e a r   t h e   c e n t e r  of t h e   f l y e r .   T h i s  c rea tes  fo rces   t end i i lg  

t o   c u r l   t h e   f l y e r   a s  i t  moves  away  from the  b a c k u p  mass.  

F i g u r e  13 i s  a f raming  sequence  looking down on a 3 .0 - inch  

r a d i u s ,   2 . 5 - i n c h   w i d e   f l y e r  as i t  moves toward   t he   obse rve r ;  

t he   f r ames   a r e  3 us a p a r t .  The g r i d   l i n e s  on t h e   f l y e r   f a c e  

s e r v e  t o  a c c e n t u a t e   a n y   w r i n k l i n g .  Edge c u r l - q  i s  not iceal : ,  i.c 

af ter   the   second  f rame  and  becomes  more  pronounced  in  succec.di.!;g 

f rames.   Buckl ing as d e s c r i b e d   i n  the p rev ious   pa rag raph  c a n  

be seen   by  frame 5. S i n c e  the edge   cu r l -up   occu r s   be fo re   t he  

f l y e r   i m p a c t s  the r i n g ,  the f l y e r   e d g e s  must n o t   s t r i k e   t h e  

26 
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r i n g  s u r f a c e .  The f l y e r  i s  made wider  thnn r!i(! r i n g ,  a n d  guard 

r i n g s   a r e   u s e d  on e a c h   s i d e  of t h e  ri.!?y t o  p:-!tvent  edge  impact 

and   t o   p reven t   t he   f l ye r   f rom  wrapp ing  i:sc.!i nbout  t he   s lower  

moving r i n g  . 

Rinn  Model 

The r i n g   s e l e c t e d   f o r   s t u d y  was 4341,:) steel, a = 5 . 8 7 5  inches  

and h = ,250 i n c h e s .   S t e e l  4340 was chost.17 Leczuse  o f  i t s  h igh  

y i e l d   p o i n t   a n d   h i g h   s p a l l a t i o n  presslir-Et th1-Lsilolci. S ince   t he  

response  was t o  be e l a s t i c   a t   t h e  l t v c l  0,' ~ Z P L I L S ~  chosen ,  no 

p e r m a n e n t   d e f o r m a t i o n   o r   s p a l l a t i o n  was w a n t c > d .  

S t r a i n  Measurement  Methods 

The s t a t e d   p u r p o s e  o f  t h e  e x p e r i r x n c  ;<;IS t o  measure the  

r e s p o n s e   o f   t h e   r i n g   m o d e l .   S t r a i n s  i r ?  t!:e . ; ing ;\'ere  measured 

w i t h   K u l i t e  M(12)DGP350-500 semiconduc to r   s t r a in   gages .   Fu r the r  

in format ion   about   semiconductor   gage   opera t ion   can   be   found  in  

Ref .  9 .  The gages   were   l oca t ed   a t  c- o -/2-) 
- )  ' + '  - and 

3 ~ / 2 - ,  w h e r e   t h e   s i g n e d   s u b s c r i p t s  ( - )  a ~ 7 d  (-:.) deno te   i nne r  and 

o u t e r   s u r f a c e   l o c a t i o n s   r e s p e c t i v e l y .  The K u l i t e  DGP350 i s  a 

- 

dual   e lement   gage wi th  one element   having a p o s i t i v e   g a g e   f a c t o r ,  
ARIRL 

F l  = , (Fr  x 135)  and   t he   o the r  a nega t ive   gage   f ac to r ,  
€ 

AR/R2 
F2 = - 

€ , (F2 - 1 1 5 ) ,  where R i s  g;?ge r e s i s t a n c e  and 

c, i s  t h e   l o c a l   s t r a i n .  This gage  has t h e  advantages o f  h i g h  

gage   f ac to r ,   t empera tu re   compensa t ion ,  a n d  a cons tan t   gage  

f a c t o r   o v e r   t h e   r a n g e  of s t r a i n   i n   t h i s   e x p e r i m e n t .   F i g u r e  14 
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shows a t y p i c a l   g a g e   i n s t a l l a t i o n ,   i n   t h i s   c a s e   o n  a carbon 

f i lament ,   composi te   r ing ,   Each   gage   formed  the  two a c t i v e  

arms of a Wheats tone   b r idge   b iased  with 1 2  v o l t s .  The s i g n a l  

f r o m   t h e   b r i d g e   c i r c u i t  was r e c o r d e d   d i r e c t l y  on a T e k t r o n i x  

556 o s c i l l o s c o p e ,   u s i n g   T e k t r o n i x  1A2 s i g n a l   a m p l i f i e r s ,   a n d  

pho tographed .   Ou tpu t   vo l t ages   g rea t e r   t han  . 5  v o l t  were  not 

uncommon. Because o f  t h e   h i g h   m a g n e t i c   f i e l d ,  B ,  produced by 

the capac i tor   d i scharge   which   induced   unwanted  common  mode 

s i g n a l :   i n   t h e   c i r c u i t ,   t h e  common  mode r e j e c t i o n   c a p a b i l i t y  

o f  the  1A2 a m p l i f i e r   i n   t h e   d i f f e r e n t i a l  mode was n e c e s s a r y .  

The c u r r e n t ,   i ( t ) ,   i n   t h e   s y s t e m  was measured  with a Rogowsk 

loop .  The s i g n a l  from  the  loop was i n t e g r a t e d   a n d   r e c o r d e d  

on  a n   o s c i l l o s c o p e .  

The f l y e r   p l a t e   d i s p l a c e m e n t  S ( t )  , was de termined   wi th  

a h igh   speed   s t r eak   camera .  The f l y e r   c u r r e n t   a n d   d i s p l a c e -  

ment   were   p resented   in   the   p rev ious   sec . t ion .  The s t r a i n   d a t a  

a r e   p r e s e n t e d   i n   t h e   n e x t   s e c t i o n .  

Experimental-Theoret ical   Ring  Response 

The e l a s t i c   r e s p o n s e  of  c i r c u l a r   r i n g s   t o   s i d e   p r e s s u r e  

pu l ses   has   been   p re sen ted   by   numerous   au tho r s ,  lo,ll The so lu -  

t i o n s   g i v e n   i n   R e f s .  10 and 11 e x c l u d e d   t h e   e f f e c t s   o f   b e n d i n g .  

Humphrey and   Winter ,   Ref .  1 2 ,  showed t h a t   b e n d i n g   e f f e c t s  were 

n e g l i g i b l e   f o r   t h e   v e r y   e a r l y   t i m e   r e s p o n s e  of t h i n   r i n g s .  

I t  was shown i n   R e f .  3.2 tha t  a f t e r   t h e   f i r s t   s t r e s s   c y c l e   t h e  

p u r e l y  membrane r e sponse  was n o t  a good  model o f  t h e   a c t u a l   r i n g  
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r e s p o n s e .   F i g u r e s  1 5  and 16 a r e   t h e   m e a s u r e d   o s c i l l o s c o p e  

t r a c e s  f rom  the   s emiconduc to r   s t r a in   gages  f3r the  case  where 

P(-') = Po and P ( 5 )  = P c o s  9 r e s p e c t i v e l y .   F i g u r e  15b i s  

t ime  expans ion  of  F i g u r e  1 5 .  The p r e s s u r e   p u l s e   d u r a t i o n  

d e l i v e r e d   t o   t h e   s t r u c t u r e  was < 200 nanoseconds,  s o  by t h e  

c r i t e r i o n   s e t   f o r t h   i n   R e f .  1 2  t h e   s u r f a c e   l o a d i n g  i s  cons ide red  

impu l s ive .   F igu re  1 7  i s  the measu red   r e sponse   a t  'J -: - / Z - ,  

f o r  P ( 5 )  = P compared  with  the  predicted  response  due t o  

Humphrey and   Winter .   F igure  18 i s  the   measu red   r e sponse   a t  

0 

0 '  

. I  ' -- -- T-, f o r  P ( S )  = P compared   w i th   t he   p red ic t ions   o f  Humphrey 
0 '  

and  Winter ,  The compar i son   a t  II = 7 / 2 -  i s  n o t  so good a s  i t  

i s  a t  = 7 - because o f  t h e   l o c a l   f l y e r   p e r t u r b a t i o n  a t  r, = 80'. 

The f a c t   t h a t   t h e   l o a d   d o e s   n o t   e x t e n d   o v e r  n f u l l  r. = 180" 

mus t   be   t aken   i n to   cons ide ra t ion  when comparing  theory  and 

e x p e r i m e n t   a t  3 = 7/2 - . The a c t u a l   c o n t r i b u t i o n   o f   t h e   f l y e r  

p l a t e  e n d s   t o   t h e   r i n g   r e s p o n s e  i s  p r e s e n t l y  b e i n g  s t u d i e d .  

The second  exper iment  was i d e n t i c a l   t o   t h e   f i r s t   e x c e p t  

t h e   p r e s s u r e   d i s t r i b u t i o n   t o   t h e   r i n g  was P(") = Po c o s  r. 

( -85"  s 5 + 8 5 " ) .  F i g u r e  19 i s  the   measured   response  a t  

c = :/2- compared   wi th   the   p red ic ted   rzsponsc  f o r  P(:) = Po c o s  L. 

F i g u r e  20 i s  the   measured   response  a t  L). = - compared  with 

t h e   t h e o r e t i c a l   e l a s t i c   r e s p o n s e   f o r  a c o s i n e ,   i m p u l s i v e   p r e s s u r e  

d i s t r i b u t i o n .  The  same arguments as used   be fo re   shou ld  be 

a p p l i e d   t o   t h e   p o o r e r   c o m p a r i s o n  a t  r'- = -/2-. 

I t  should   be   no ted   tha t   compar ison   be tween  thecry   and  

exper iment  f o r  b o t h   p r e s s u r e   d i s t r i b u t i o n s   ( l e v e l   a n d   c o s i n e )  

becomes  poorer as time i n c r e a s e s .  This c o u l d   i n d i c a t e   t h a t  
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F i g .  1 5 3 .  S t r a i n  v s .  'i~ae a t  

= - / 2  a n d  - - .- f o r  P( ) = Po 

k l g .  L ~ D ,  ~ a m e  a s   ~ 3 a  excepc a 

t i m e   e x p a n s i o n  o f  e a r l y  response  

F i g .  1 6 b .  S t r a i n  v s .  Time a t  
- - - .. f o r  P ( 5 )  = Po c o s  6 
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t h e   m o d e l   s e t   f o r t h   i n  Humphrey and  Winter i s  s u f f i c i e n t   f o r  

v e r y   e a r l y   r i n g   r e s p o n s e   b u t   i n a d e q u a t e   f o r   l a t e  time re sponse .  

On t h e   o t h e r   h a n d ,   t h e   i n a b i l i t y   t o   l o a d   e x a c t l y  180" could  

c r e a t e   d i s c r e p a n c i e s   w h i c h  become ampl i f i ed   i n   t ime .   Thus  i t  

i s  u n f a i r   t o  compare a theory   which   loads  a f u l l   h a l f   c i r c u m -  

f e r e n c e   t o   a n   e x p e r i m e n t   t h a t   l o a d s   o n l y  170* o f   r i n g   s u r f a c e .  

Through  coopera t ion  with Applied  Mechanics   Divis ion 1544 t h i s  

problem i s  b e i n g   r e s o l v e d .  

Conclus ions  

An a t t e m p t  was  made i n   t h i s   p a p e r   t o   p r e s e n t   t h e   m a g n e t i c a l l y -  

p r o p e l l e d   f l y e r   p l a t e   t e c h n i q u e   a s   u s e d   t o   i m p u l s i v e l y   l o a d  

t h i n   r i n g s .  I t  was shown t h a t   t h e  lumped parameter ,   t ime 

v a r y i n g ,   s e r i e s  L-R-C c i r c u i t  i s  a reasonable   approximat ion  

o f  t he   capac i to r   d i scha rge   sys t em.   Fa i r   ag reemen t  was o b t a i n e d  

b e t w e e n   t h e   t h e o r y   o u t l i n e d   i n   t h e   f i r s t   s e c t i o n   a n d   t h e   e x p e r i -  

m e n t a l   r e s u l t s   f o r   t h e   f l y e r   m o t i o n .  

S t r u c t u r a l   r e s p o n s e   e x p e r i m e n t s  were conducted on r i n g s  

( a / h  = 23.5)  u s i n g   t h e  magnetically-accelerated f l y e r   p l a t e  

technique.  Reasonably  good  agreement be  tween the  p r e d i c t e d  

r ing   response   and   the   measured   response  was o b t a i n e d  a t  e a r l y  

t i m e s   f o r  two s p e c i f i c   i m p u l s e   d i s t r i b u t i o n s .  

I t  has   been shown t h a t   t h e   e x p e r i m e n t a l  method  could  be 

f a i r l y   w e l l   d e f i n e d ,   a n d   t h e  membrane and   bending   theory   for  

t h e   e a r l y   t i m e   r i n g   r e s p o n s e  was adequate .  I t  then  seems l i k e l y  

t h a t   t h e   f l y e r   p l a t e   m e t h o d  w i l l  be u s e d   t o   l o a d  more  complex 
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s t r u c t u r e s   s u c h   a s   c o m p o s i t e   s h e l l s .  The advantages  o f  v e r y  

s h o r t   p u i s e   d u r a t i o n s   a n d   " s i m u l t a n e o u s "   l o a d i n g  of  l a r g e   a r e a s  

w i l l  i n   t i m e   r e p l a c e   t h e   c o n v e n t i o n a l   a x i a l   s w e e p i n g   e x p l o s i v e  

method f o r   o b t a i n i n g   t h e   r e s p o n s e  of  l a rge   and  small s t r u c t u r e s ,  
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